The regulated production of neurons in the hippocampus throughout life underpins important brain functions such as learning and memory. Surprisingly, however, studies have so far failed to identify a resident hippocampal stem cell capable of providing the renewable source of these neurons. Here, we report that depolarizing levels of KCl produce a threefold increase in the number of neurospheres generated from the adult mouse hippocampus. Most interestingly, however, depolarizing levels of KCl led to the emergence of a small subpopulation of precursors (approximately eight per hippocampus) with the capacity to generate very large neurospheres (Ͼ250 m in diameter). Many of these contained cells that displayed the cardinal properties of stem cells: multipotentiality and self-renewal. In contrast, the same conditions led to the opposite effect in the other main neurogenic region of the brain, the subventricular zone, in which neurosphere numbers decreased by ϳ40% in response to depolarizing levels of KCl. Most importantly, we also show that the latent hippocampal progenitor population can be activated in vivo in response to prolonged neural activity found in status epilepticus. This work provides the first direct evidence of a latent precursor and stem cell population in the adult hippocampus, which is able to be activated by neural activity. Because the latent population is also demonstrated to reside in the aged animal, defining the precise mechanisms that underlie its activation may provide a means to combat the cognitive deficits associated with a decline in neurogenesis.
Introduction
There are two primary neurogenic regions of the adult mammalian brain: the subventricular zone (SVZ) (Lois and AlvarezBuylla, 1993; Luskin, 1993) and the hippocampus (Altman and Das, 1965; Kuhn et al., 1996) . Because large numbers of hippocampal neurons are generated throughout the life of an animal, such neurogenesis would be expected to be ultimately dependent on a resident or nearby stem cell population as it is in the SVZ (Reynolds and Weiss, 1992; Richards et al., 1992) . However, although the stem cell in the SVZ has been identified (Rietze et al., 2001) , the presence of a bona fide stem cell in the adult hippocampus remains controversial. Although some studies have indicated the presence of a stem cell in adult rodent hippocampus maintained long-term in a monolayer adherent culture in the presence of serum Palmer et al., 1995 Palmer et al., , 1997 , more recent studies using the neurosphere assay to identify precursors at the clonal level have so far identified only progenitor cells that have limited self-renewal capacity (Seaberg and van der Kooy, 2002; Bull and Bartlett, 2005) . This raises the question of whether there is a quiescent latent population of stem cells in the hippocampus and, more importantly, how this population might be regulated.
Neurogenesis in the subgranular cell layer of the dentate gyrus of the adult hippocampus has been shown to be influenced by environmental factors (Gould et al., 1999; van Praag et al., 1999) , antidepressants (Santarelli et al., 2003) , disease states (Nakatomi et al. 2002; Jin et al., 2004) , and behavioral stimuli (Goldman and Nottebohm, 1983) , and to be linked to learning and memory functions (Shors et al., 2001) . The mechanism coupling neuronal production to external stimuli is thought to occur through synaptic activity (McEwen, 1994; van Praag et al., 1999; Brown et al., 2003; Ramirez-Amaya et al., 2006) . Previous studies have shown that the application of depolarizing levels of extracellular KCl, thereby mimicking the effects of stably increased activity in an active neural network, leads to an increase in neuronal production from adult hippocampal neural progenitor cells (Deisseroth et al., 2004) . Because neurogenesis appears to be linked to levels of synaptic activity, we hypothesized that altered KCl levels might also regulate stem cell activity. Here, we show that there is a latent pool of neural stem cells in the adult hippocampus that can be activated by depolarizing levels of extracellular KCl in vitro. Moreover, we show that this latent precursor population can also be activated in vivo during pilocarpine-induced status epilepticus.
Materials and Methods
Primary neurosphere cultures. Adult (6 -8 weeks of age, except where specifically stated) male C57BL/6 mice were killed by cervical dislocation, their brains were immediately removed, and the hippocampus or SVZ was dissected. The tissue was enzymatically digested with 0.1% trypsin-EDTA (Invitrogen, Carlsbad, CA) for 7 min at 37°C, followed by a wash with 0.014% w/v trypsin inhibitor (type I-S from soybean; SigmaAldrich, St. Louis, MO) dissolved in HEPES-buffered minimum essential medium (HEM), which consisted of minimum essential medium (Invitrogen) supplemented with 16 mM HEPES (Sigma-Aldrich) and 100 U/ml penicillin/streptomycin (Invitrogen). The tissue was centrifuged at 100 rcf for 7 min, after which the pellet was resuspended in 1 ml of neurosphere growth medium, mechanically triturated until smooth, and then filtered through a 40 m cell sieve (Falcon; BD Biosciences Discovery Labware, Bedford, MA). The neurosphere growth medium consisted of mouse NeuroCult NSC Basal Medium plus mouse NeuroCult NSC Proliferation Supplements (Stem Cell Technologies, Vancouver, British Columbia, Canada) with 2% bovine serum albumin (Invitrogen) and 2 g/ml heparin (Sigma-Aldrich). The following growth factors were also included: 20 ng/ml purified mouse receptor-grade epidermal growth factor (EGF) (BD Biosciences, San Jose, CA) and 10 ng/ml recombinant bovine FGF-2 (Roche, Basel, Switzerland). After centrifugation at 100 rcf for 7 min, the cells were plated at a density of approximately one hippocampus or SVZ per 96-well plate (Falcon; BD Biosciences Discovery Labware) with 200 l of neurosphere medium per well. The neurosphere growth medium already contained 4.18 mM KCl. Therefore, for the depolarization experiments, additional KCl was added to give the appropriate final KCl concentration. Nicardipine (Sigma-Aldrich) was added to a final concentration of 10 M. BaCl was used at a concentration of 1 mM, GABA at 100 M, and D-2-amino-5-phosphonopentanoate (D-AP5) at 30 M. Primary hippocampal cells were incubated for 10 d and SVZ cells for 7 d in humidified 5% CO 2 to permit neurosphere formation. The primary neurospheres were then counted and collected for passaging or differentiation. Results of the neurosphere counts were expressed as mean Ϯ SE and statistical analysis was performed using a standard t test (two-sample assuming equal variance).
To determine whether the KCl was activating a slowly dividing or nondividing population, 1 M cytosine arabinofuranoside (Ara-C) (Sigma-Aldrich) was added to primary dissociated hippocampal cells to kill any rapidly dividing cells. After 2 d at 37°C, the Ara-C was removed by spinning the cells for 5 min and then washing with 10 ml of complete medium. Cells were then replated in complete medium containing either control or 15 mM KCl and incubated as described above.
To confirm that KCl was not simply enhancing the survival, the precursor cell experiments were repeated using Bax-deficient mice that lack programmed cell death in the hippocampus (Sun et al., 2004) . Hippocampal tissue was dissected from Bax-deficient and wild-type littermate control animals and dissociated as described previously. Cells were then plated in complete medium containing either control or 15 mM KCl and incubated as described above.
For the limiting dilution experiment, primary cells were plated at reducing densities in 96-well plates with 200 l of complete medium containing EGF and bFGF-2 (basic FGF-2). Cell were plated at 3950, 1975, 988, 494, 247, 123 , and 62 cells per well. After 10 d in vitro, the fraction of wells negative for neurosphere formation was quantified. These data were then log transformed and plotted against plating density. A linear regression was performed and a straight line fitted to the data.
Neurosphere differentiation. Neurospheres were plated onto poly-Dlysine-coated coverslips in NeuroCult NSC Basal Medium containing mouse NeuroCult NSC Proliferation Supplements and 2% fetal calf serum without growth factors. The neurospheres were allowed to differentiate for 5 d in humidified 5% CO 2 until flattened and adherent. The differentiated neurospheres were then fixed with 4% paraformaldehyde in 0.1 M PBS at room temperature for 30 min. After washing with PBS, they were stained for either the neuronal marker ␤III-tubulin, the neuronal progenitor marker doublecortin (DCX), the astrocytic marker glial fibrillary acidic protein (GFAP), or the stem cell marker nestin, with a 4Ј-6Јdiamidino-2-phenylindole (DAPI) counterstain (see below).
Immunocytochemistry. The cells were incubated for 60 min at room temperature with blocking solution: 5% fetal bovine serum (SigmaAldrich) plus 5% normal goat serum (Sigma-Aldrich) in 0.1 M PBS containing 0.1% Triton X-100. The blocking solution was replaced with fresh solution containing mouse monoclonal ␤III-tubulin antibody (1: 2000; Promega, Madison, WI) plus rabbit polyclonal GFAP antibody (1:500; Dako North America, Carpinteria, CA), rabbit polyclonal DCX antibody (1:500; Millipore Bioscience Research Reagents, Cambridge, UK), or the mouse monoclonal nestin antibody (1:500; Millipore Bioscience Research Reagents) and incubated for 60 min at room temperature. The cells were then washed with PBS and incubated for 30 min at room temperature in blocking solution containing Alexa Fluor 568 antimouse antibody (1:1000; Invitrogen), Alexa Fluor 488 anti-rabbit antibody (1:1000; Invitrogen), and DAPI (1:5000; Sigma-Aldrich). After washing with PBS, the slides were coverslipped with fluorescence mounting medium (Dako North America) before viewing on a Carl Zeiss upright fluorescence microscope. Images were captured by a digital camera linked to a computer running Axioscope version 4 (Carl Zeiss, Jena, Germany).
Hippocampal neurosphere passaging. Hippocampal neurosphere cultures were initiated by removing 150 l of the medium from wells containing single neurospheres, and treating with 100 l of 0.1% trypsin-EDTA for 2 min at room temperature, followed by washing with 100 l of trypsin inhibitor in HEM. The neurospheres were mechanically triturated until dissociated and replated in 24-well plates in 2 ml of complete medium. Neurospheres were passaged every 10 d by removing the medium containing the neurospheres from the plates and centrifuging. The supernatant was then decanted, and the neurospheres were incubated in 1 ml of 0.1% trypsin-EDTA for 2 min at room temperature. After the addition of an equal volume of trypsin inhibitor, the neurospheres were centrifuged at 100 rcf for 5 min and the supernatant was removed. Cells were mechanically triturated in 500 l of complete medium and trypan blue staining was used to evaluate the number of cells, both viable and total number, on a hemocytometer. The passaged cells were then replated with complete medium at a density of 1 ϫ 10 4 cells/cm 2 in tissue culture flasks (Nalge Nunc International, Rochester, NY) or tissue culture plates (Falcon; BD Biosciences Discovery Labware) as appropriate.
Fluorescence-activated cell sorting. Mice in which green fluorescent protein (GFP) is driven by the DCX promoter (DCX-GFP) were used for the separation of DCX ϩ cells. Hippocampal tissue from adult DCX-GFP mice (Gensat BAC Transgenic Project, The Rockefeller University, New York, NY) was dissected and processed as described above. DCX-GFP ϩ and DCX-GFP Ϫ cells were separated by fluorescence-activated cell sorting (FACS) using a FACSVantage cell sorter (BD Biosciences) as previously described (Walker et al., 2007) . A wild-type littermate control was used to determine background fluorescence levels. KCl was added to DCX ϩ and DCX Ϫ cells at a final concentration of 15 mM, and the number of neurospheres was counted after 10 d.
Pilocarpine-induced seizures. Seizures were induced in 6-to 8-week-old C57BL/6 male mice by the administration of pilocarpine, a muscarinic cholinergic agonist. Thirty minutes before pilocarpine administration, the mice were injected with 2.5 mg/kg of the cholinergic antagonist scopolamine methyl nitrate (Sigma-Aldrich) to reduce peripheral cholinergic effects. They then received intraperitoneal injections of 350 mg/kg pilocarpine hydrochloride (Sigma-Aldrich). Seizures were observed in 70% of the mice and of these 35% entered into status epilepticus 78 Ϯ 43 min after the injection of pilocarpine. Generalized tonic clonic seizures were observed in the other 35% of mice. Seizures were stopped 2 h after onset, with an intraperitoneal injection of 5 mg/kg diazepam (Parnell Laboratories, Sydney, Australia). Mice that did not enter status epilepticus also received diazepam and were used as controls. Mice were killed after 2 d and neurosphere assays performed.
BDNF neutralization and BDNF-deficient mice. To test whether the depolarization-induced activation of precursors was attributable to release of brain-derived neurotrophic factor (BDNF), anti-human BDNF neutralizing antibody (20 g/ml; Promega) was added to primary hippocampal cells in the presence of 15 mM KCl. BDNF heterozygous knockout (BDNF ϩ/Ϫ ) (Korte et al., 1995) and wild-type littermate control (BDNF ϩ/ϩ ) mice were used in the hippocampal KCl-depolarized neurosphere assay (as described above) to determine the effect of BDNF.
Results

Depolarization activates hippocampal stem cells in vitro
To investigate whether depolarizing levels of KCl are able to activate hippocampal stem cells, 15 mM KCl was used to depolarize cultures of cells freshly isolated from an adult mouse hippocampus, and the number of neurospheres generated after 10 d was assessed using a previously described in vitro assay (Bull and Bartlett, 2005) . Surprisingly, we found there was a threefold increase in the number of neurospheres generated in the presence of high extracellular KCl (320.3 Ϯ 36.5% of control; p Ͻ 0.001; n ϭ 6) compared with cultures plated in control (4 mM) KCl concentrations ( Fig. 1 A) or in 20 mM NaCl (106.8 Ϯ 10.0% of control; n ϭ 2). A dose-response assay revealed that levels of KCl as low as 10 mM and as high as 30 mM could also elicit a significant increase in the number of neurospheres generated (data not shown). Raising extracellular KCl is expected to simply depolarize cells, and, in confirmation of this, when a depolarizing concentration of BaCl (1 mM) was added to the cultures there was a similar increase in neurosphere numbers (227.9 Ϯ 8.4%; p Ͻ 0.001; n ϭ 4) ( Fig. 1 A) .
Interestingly, application of high extracellular KCl led to the emergence of a subpopulation (ϳ5%) of very large neurospheres, 250 -550 m in diameter ( Fig.  1 B, C) . This equates to approximately eight (8.4 Ϯ 0.8; n ϭ 16 experiments) of these large KCl-stimulated neurospheres per hippocampus. Depolarization with BaCl gave a similar number of large neurospheres. These neurospheres were even larger than those cultured from precursors isolated from the neurogenic region of the SVZ, an area in which neurosphere size reflects the presence of a stem cell phenotype (Bull and Bartlett, 2005) .
We also examined whether there was a similar latent population in the other major neurogenic region of the brain, the SVZ. In contrast to the hippocampus, we found the opposite effect in the SVZ: neurosphere numbers decreased by ϳ40% in response to depolarizing levels of KCl (Fig. 1 A) (62.7 Ϯ 3.5%; p Ͻ 0.001; n ϭ 4). As has been reported previously (Bull and Bartlett, 2005) , neurospheres grown from the SVZ consistently produced large (Ͼ100 m) neurospheres, some of which could be passaged and, after differentiation, gave rise to neurons. However, there was no shift in neurosphere size or increase in neuronal numbers in neurospheres cultured in the presence of KCl.
To determine whether cells in these large hippocampal neurospheres reflected similar stem cell characteristics, individual neurospheres of different sizes were isolated, dissociated, and then replated into medium containing control levels of KCl. To confirm the findings of previous studies, we also attempted to passage neurospheres from the unstimulated hippocampus. We found that ϳ36% of the selected single large neurospheres (23 of 64) could be expanded for at least 10 passages (Fig. 1 D) , whereas none of the neurospheres (0 of 113) originally generated in the absence of high KCl could be passaged more than twice, regardless of whether 15 mM KCl was added to the medium at the time of passaging. Similarly, the small neurospheres generated under depolarizing conditions could not be passaged (0 of 132). Furthermore, after differentiation, primary control (Fig. 2 A) , as well as the small primary neurospheres generated in KCl-activated conditions, contained virtually no neurons (Ͻ0.001 ␤III-tubulin-positive cells per neurosphere; n ϭ 20). In contrast, however, large primary KCl-activated neurospheres generated a small number of neurons initially (average of 3.4 Ϯ 1.1 ␤III-tubulinpositive cells per neurosphere; n ϭ 18 neurospheres), and a large number (26.9 Ϯ 2.1% ␤III-tubulin-positive cells per neurosphere; n ϭ 15 neurospheres) after several passages (Fig. 2 B) . Additional characterization of these KCl-induced passaged neurospheres revealed that, although a large number of cells remained undifferentiated, as shown by their expression of the precursor marker nestin (Fig. 2C) , cells expressing the neuronal progenitor marker DCX were clearly present (Fig. 2 D) . Thus, depolarization activated a latent population with the stem cell characteristics of self-renewal and multipotentiality and, most importantly, the capacity to produce large numbers of neurons.
In the present study, although we cultured tissue from the entire hippocampus, we were never able to isolate a stem cell under non-depolarizing conditions. We further confirmed our results were not attributable to dissection technique by subregional dissection of the hippocampus, which revealed that the major increase in depolarization-induced precursor number occurred in the dentate gyrus (730.0 Ϯ 350.0% of control) and that this region contained a stem cell population (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Interestingly, precursor activation was also observed in the CA1/CA3 region after depolarization, although to a lesser extent (406.3 Ϯ Figure 1 . A, Depolarization activates hippocampal stem cells in vitro. Depolarization using 15 mM KCl or 1 mM BaCl significantly increased the number of neurospheres generated from the adult mouse hippocampus (mean Ϯ SEM; n ϭ 6 experiments; ***p Ͻ 0.001) but significantly decreased the number of neurospheres generated from the SVZ (mean Ϯ SEM; n ϭ 4 experiments; ***p Ͻ 0.001). B, As well as increasing neurosphere number, KCl depolarization also increased the size of the hippocampal neurospheres, giving rise to a previously unseen population of very large Ͼ250 m neurospheres. This is illustrated in C, which compares an average neurosphere to one of the large neurospheres cultured in high KCl. D, Single large KCl-derived neurospheres could be continually expanded in vitro for Ͼ13 passages. Scale bar, 100 m.
182.7% of control). This, however, was not completely unexpected because it has previously been reported that neuronal replacement occurs in this region after stroke (Bendel et al., 2005) , indicating the presence of the latent precursor population in this area.
To determine whether the population of cells responding to depolarization in the hippocampus is a normally slowly dividing population, freshly isolated hippocampal cells were treated with the antimitotic agent Ara-C for 2 d in vitro to kill any rapidly dividing cells. This treatment had little effect on the KClactivated population of cells but markedly depleted the number of neurospheres generated under control conditions (Fig. 3) . Given that depolarization is known to delay apoptotic cell death (Iacovitti et al., 1999) , it was possible that the addition of KCl simply enhanced survival of the precursor cell population. To determine whether KCl was truly activating a latent population, rather than merely keeping the hippocampal precursors alive, we repeated our experiment using Bax knockout mice, which lack programmed cell death in the hippocampus (Sun et al., 2004) . In these animals, we still observed a significant increase in precursor activation after depolarization (198.8 Ϯ 14.7% increase in the presence of 15 mM KCl; n ϭ 4), demonstrating that the response is not simply attributable to increased cell survival. More importantly, a similar number of large stem cell-derived neurospheres were only generated from Bax knock-out mice in the presence of KCl.
Because application of KCl is expected to depolarize cells, it is possible that the coupling of KCl application and precursor cell activation results from the opening of voltage-dependent ion channels. L-type Ca 2ϩ channels are known to modulate activity-dependent processes in neural cells (Dolmetsch et al., 2001; Deisseroth et al., 2004) . We therefore tested whether the depolarization-induced activation of hippocampal precursors required activation of an L-type Ca 2ϩ channel. In the presence of the antagonist nicardipine, the excitation-induced activation of neurosphere-forming cells in the hippocampus under depolarizing conditions was almost completely blocked (Fig. 4) (7.8 Ϯ 3.8% of control; p Ͻ 0.001; n ϭ 3). However, again, no such effect was observed in the case of SVZ neurospheres in either the presence or absence of KCl (Fig. 4) . It is possible that KCl-induced depolarization leads to the release of glutamate from resident cells and activation of NMDA receptors (Deisseroth et al., 2004) . However, there was no evidence of NMDA receptor involvement, because application of the specific antagonist D-AP5 caused no significant change in the number of hippocampal neurospheres (84.0 Ϯ 10.0% of KCl alone; n ϭ 2). This result was somewhat surprising, given the previous reports of NMDA receptor involvement in the regulation of neuronal differentiation in response to depolarization (Deisseroth et al., 2004) . However, consistent with this result, application of 100 M glutamate also produced no increase in neurosphere formation.
Limiting dilution analysis revealed that the effect of depolarization appeared to be a direct effect on the precursor (Fig. 5) , because there was no change in the slope even at cell densities as low as 60 cells per well. In addition, the frequency of large neurospheres was not influenced by cell density, supporting the clonality of the response.
We recently showed that, in addition to newly generated neurons, the hippocampal DCX ϩ population contains a significantly higher precursor frequency than that found in the DCX Ϫ population (Walker et al., 2007) . To further characterize this latent population, we sorted freshly isolated hippocampal cells on the basis of DCX expression and incubated the sorted cells in medium containing control levels or 15 mM KCl. Our results revealed, however, that it is the DCX Ϫ population that is responsive to depolarization when treated with KCl ( Fig. 6 ) (325.9 Ϯ 73.3% of control; p Ͻ 0.01; n ϭ 5), consistent with this population being more stem cell-like. Although the DCX ϩ population had an overall higher frequency of neurosphere-forming cells, no effect The KCl-activatable cells are a slowly dividing or nondividing population. Treatment with 1 M Ara-C for 2 d significantly reduced the number of hippocampal neurospheres generated under low KCl conditions. However, when cultures were grown in depolarizing levels of KCl, Ara-C treatment had no significant effect on neurosphere number, indicating that the KCl-activatable population is slowly dividing (mean Ϯ SEM; n ϭ 2 experiments; ***p Ͻ 0.001).
of KCl depolarization was observed (104.0 Ϯ 14.6% of control; n ϭ 5).
The hippocampal progenitor population is activated in vivo after seizure Based on the above lines of evidence, we next investigated whether the latent hippocampal population identified in vitro could also be activated by neural activity in vivo using the pilocarpine-induced seizure model. We found that mice that experienced status epilepticus for at least 2 h and were studied after 2 d had a significant increase in the number of hippocampal neurospheres compared with control mice, similar to the effect observed in the KCl-stimulated cultures (Fig. 7A ) (9.8 Ϯ 1.7 vs 21.0 Ϯ 6.7 neurospheres). In contrast, mice that suffered only sporadic generalized tonic clonic seizures (GTCS) (up to 12 seizures observed in one mouse) showed no such increase (7.6 Ϯ 1.9 neurospheres), suggesting that prolonged activation is required for an effect to be observed. Consistent with the idea that status epilepticus activated the same population as KCl was the finding that KCl-induced depolarization in vitro resulted in only a small increase in neurosphere number in the status epilepticus group, whereas there was a substantial increase in neurosphere number seen in the other conditions (no seizure, 816 Ϯ 222.6%; GTCS, 709.6 Ϯ 279.3%; status epilepticus, 151.8 Ϯ 16.9% of no KCl control). Interestingly, however, status epilepticus alone was not sufficient to activate the cells that resulted in the small population of large neurospheres observed after KCl depolarization. Based on this observation, we next examined whether prolonged excitation was also a requirement for activation in vitro, and found that at least 24 h exposure to high levels of KCl was required to produce a significant effect (Fig. 7B) .
The precursor population is also activated in the aged hippocampus but not in the neonate Paradoxically, it has been shown previously that the early postnatal hippocampus contains a large number of both precursors and multipotent stem cells (Seaberg and van der Kooy, 2002) . We found that the number of postnatal day 2 (P2), P7, and P15 neurospheres, unlike in the adult, could not be significantly increased after depolarization (Fig. 8 A) (P2, 121.0 Ϯ 28.0%; P7, 131.9 Ϯ 11.2%; P15, 184.7 Ϯ 41.1% of control). Neonatal seizures have been reported to modulate neurogenesis at different time points, with downregulation after 8 and 14 d and upregulation after 49 d (Xiu-Yu et al., 2007) . The fact that we see no activation of the precursor population after KCl treatment at postnatal day 2 or 7 may be attributable to the already enormous numbers of precursors (and stem cells) present in the neonatal hippocampus (ϳ8000 neurospheres were generated per P2 mouse hippocampus). It is only in the adult animal, in which the majority of this population has become latent, that we can observe a significant effect. The increase in neurogenesis observed after seizures in neonatal hippocampus may also be attributable to other factors, such as an increase in neuronal differentiation from existing precursors.
Our finding that a latent stem cell population resides in the hippocampus suggests that this may be able to be activated even in the aged animal. Using the neurosphere assay, we tested the channel. In the presence of depolarizing KCl levels, the L-type Ca 2ϩ channel antagonist nicardipine (10 M) significantly reduced the formation of hippocampal neurospheres (mean Ϯ SEM; n ϭ 3; ***p Ͻ 0.001). In contrast, nicardipine had no effect on the formation of neurospheres from the SVZ in either the presence or absence of KCl (n ϭ 3). Ϫ population is responsive to KCl depolarization. Cells from DCX-GFP transgenic mice were FACS sorted into DCX ϩ and DCX Ϫ populations based on GFP expression and plated in either the presence or absence of 15 mM KCl. Analysis of resulting neurosphere numbers revealed that it is the DCX Ϫ population that is responsive to depolarization (mean Ϯ SEM, 326 Ϯ 73% of control; **p Ͻ 0.01; n ϭ 5). The DCX ϩ population had an overall higher frequency of neurosphere-forming cells. However, no effect of KCl depolarization was observed (mean Ϯ SEM, 104 Ϯ 14.6% of control; n ϭ 5).
Figure 7.
The hippocampal precursor population is activated in vivo after seizure. A, Similar to results obtained in control mice, the number of hippocampal neurospheres generated from those suffering sporadic seizures (GTCS) was low and could be significantly increased by the addition of KCl in vitro. However, the number of neurospheres generated from mice that underwent status epilepticus (SE) was greatly increased, and no additional increase was seen in the presence of KCl (mean Ϯ SEM; GTCS, n ϭ 5; SE, n ϭ 7; **p Ͻ 0.01). B, It takes at least 24 h for the KCl-induced depolarization to activate the hippocampal precursor cells (**p Ͻ 0.01, ***p Ͻ 0.001; n ϭ 3).
activation of the latent precursor population with increasing age. We found that, although the number of neurosphere-forming cells in the hippocampus declined with age, a result that parallels the reported decline in neurogenesis, there was, in fact, a concomitant rise in the percentage of precursors that could be stimulated by depolarization with increasing age (2 months, 543.3 Ϯ 154.4%; 6 months, 679.0 Ϯ 202.4%; 12 months, 816.7 Ϯ 171.7; 18 months, 1274.3 Ϯ 232.5% of control) (Fig. 8 B) . The oldest animals tested (18 months) had a Ͼ12-fold increase in the number of neurospheres generated in KCl-stimulated compared with control cultures. However, in contrast to the younger animals, no large neurospheres were observed, and none of the neurospheres was passageable.
Hippocampal precursor activation is not occurring in response to BDNF release
We previously showed BDNF to have proneurogenic actions in both the SVZ (Young et al., 2007) and hippocampus (Bull and Bartlett, 2005) . In addition, BDNF is released by hippocampal neuronal populations after seizures (Ballarin et al., 1991; Ernfors et al., 1991; Isackson et al., 1991; Dugich-Djordjevic et al., 1992) . Our results show that, when added to primary hippocampal cultures in the presence of 15 mM KCl, anti-human BDNF neutralizing antibody was not able to block the depolarization-induced activation (Fig. 9A) (control, 10.6 Ϯ 1.0; KCl, 50.3 Ϯ 5.1; KCl plus anti-BDNF antibody, 40.8 Ϯ 1.0 neurospheres per well; n ϭ 6). In further support of this, no difference was observed in the depolarization-induced precursor activation between BDNF heterozygous knock-out and wild-type littermate control mice (Fig.   9B ) (BDNF ϩ/Ϫ , 502.6 Ϯ 141.0%, vs BDNF ϩ/ϩ , 519.5 Ϯ 91.7% of no KCl control; n ϭ 6).
Discussion
This study provides evidence for the existence of a large latent precursor population in the hippocampus, some of which have stem cell properties. Most importantly, we also show that these precursors have properties significantly different from the better studied and characterized SVZ precursors in that they are regulated by neural activity. Our data suggest that in vitro application of KCl to primary hippocampal cultures leads to activation of a large pool of latent precursor cells, a small number of which are stem cells based on their ability to proliferate and differentiate into neurons. It is unlikely that KCl and the accompanying depolarization is simply supporting survival of precursors because depolarization in vitro was able to increase neurosphere numbers in Bax-deficient mice (Sun et al., 2004) in which apoptotic cell death is greatly reduced. More importantly, no large stem cellderived neurospheres were generated from the Bax-deficient animals under control KCl conditions.
The effect of KCl was also blocked by the specific L-type Ca 2ϩ channel antagonist, nicardipine, indicating that activation of the latent population is initiated by opening of L-type Ca 2ϩ channels. It was notable that, even in the absence of depolarizing levels of KCl, a significant number of precursors were inhibited by nicardipine, suggesting that there is a steady-state activation of the system at basal levels. Prolonged neural activity in vivo initiated by pilocarpine-induced seizures also activated this latent population, indicating that the resultant depolarization is the likely mechanism for this action. Together, these results suggest a new mechanism for how neurogenesis in the adult hippocampus could be regulated.
Precisely how neural activity stimulates the latent precursor population in situ is not clear. The K ϩ efflux that accompanies neural activity may simply depolarize local cells and/or release neural factors that initiate precursor activity. This factor is unlikely to be glutamate or GABA because their application resulted in only a small increase in progenitor number with no large neurospheres recorded. Consistent with this explanation, we found that medium conditioned with KCl-depolarized primary hippocampal cells, but from which the KCl is subsequently removed, can also activate precursor activity (data not shown). It is well known that seizures lead to a marked but transient increase in BDNF mRNA levels in hippocampal neuronal populations (Ballarin et al., 1991; Ernfors et al., 1991; Isackson et al., 1991; Dugich-Djordjevic et al., 1992) . We also previously demonstrated that BDNF is essential for the production of neurons from hippocampal progenitor cells (Bull and Bartlett, 2005) . However, BDNF is unlikely to be responsible for the specific hippocampal precursor cell activation we observe, because BDNF has recently been shown to have a similar proneurogenic effect on precursor cells from the postnatal SVZ (Young et al., 2007) . Moreover, neither neutralization of exogenous BDNF with an anti-BDNF antibody nor the use of BDNF heterozygous knock-out animals is able to block the depolarization-induced activation, indicating that BDNF is not involved in this process. Recent studies have shown that release of Wnt3a, either by activity-dependent synaptic release from adult hippocampal neurons (Chen et al., 2006) or through its secretion by hippocampal astrocytes (Lie et al., 2005) , increases adult hippocampal neurogenesis, suggesting that Wnt3a could be involved.
Our findings also have implications for our understanding of the mechanisms regulating progenitor activity in disease states in Figure 8 . The precursor population is also activated in the aged but not the neonatal hippocampus. A, No significant increase was observed under depolarizing conditions in the P2, P7, or P15 hippocampus. ***p Ͻ 0.001. B, Although the total number of neurospheres per hippocampus decreased with age, the percentage activation compared with age-matched controls increased, with the oldest animals tested (18 months) having a Ͼ12-fold increase in neurosphere number in the presence of 15 mM KCl (mean Ϯ SEM; n Ն 3; *p Ͻ 0.05).
Figure 9.
Hippocampal precursor activation is not occurring in response to BDNF release. A, Addition of an anti-human BDNF neutralizing antibody was not able to block the depolarization-induced activation (mean Ϯ SEM; n ϭ 6). B, No significant difference was observed in the depolarization-induced precursor activation between BDNF heterozygous knock-out and wild-type littermate control mice (mean Ϯ SEM; n ϭ 6).
which activity-dependent proliferation in the hippocampus results in an acute increase in local excitation (Liu et al., 1998; Gould et al., 2000; Arvidsson et al., 2001 ). We chose to investigate an epilepsy model, because status epilepticus has previously been reported to lead to a prolonged increase in synaptic activity, resulting in depolarization throughout the brain (Sloviter, 1983) and an increase in neurogenesis in the dentate gyrus (Parent et al., 1997) . We suggest that the activation of the hippocampal progenitors we observe after seizure in vivo is occurring via a similar mechanism to that initiated by KCl depolarization in vitro. Our finding that status epilepticus was required for at least 2 h to cause an increase in the number of hippocampal neurospheres suggests that only status epilepticus stimulates the latent KCl-activatable progenitor population. This result is consistent with the elevated levels of glutamate reported after status epilepticus (Meldrum, 1995) , and the fact that prolonged incubation with high KCl was required to activate the precursors in vitro. Although we have used more extreme forms of activity (induction of epileptic seizures), our observations are consistent with previous reports of neural activity leading to increases in neurogenesis. It is well established that tasks involving learning and memory, as well as exercise, are capable of stimulating neurogenesis in the adult mouse hippocampus (van Praag et al., 1999) and such activity would be expected to raise extracellular K ϩ . In contrast to the hippocampus, the mechanisms of SVZ precursor regulation are quite different, because depolarization of cells from the SVZ led to a significant decrease in neurosphere numbers. Furthermore, blockade of L-type Ca 2ϩ channels did not inhibit neurosphere formation in the SVZ in either the presence or absence of depolarizing levels of KCl. These contrasting responses may explain why behavioral stimuli, such as environmental enrichment and running, are effective in increasing hippocampal neurogenesis (van Praag et al., 1999) but have little or no impact on neurogenesis in the SVZ (Brown et al., 2003) . However, whether this regulation is at the level of the stem or progenitor cell remains unknown.
Our finding that depolarization activated only a small number (approximately eight) of normally latent stem cells capable of self-renewal and with high neurogenic potential may explain why previous studies, including our own (Seaberg and van der Kooy, 2002; Bull and Bartlett, 2005) , failed to identify such a population. It also suggests that previous reports of self-renewing multipotent stem cells Palmer et al., 1995 Palmer et al., , 1997 may be attributable to the environment provided by high-density monolayer adherent culture, which could support survival and eventual activation of this population. However, other highdensity monolayer cultures have not confirmed this finding (Seaberg and van der Kooy, 2002) , raising the possibility of contamination by nonhippocampal progenitors. Our findings demonstrate an unequivocal way of differentiating hippocampal stem cells from those found in the SVZ, thereby providing a unique method to study their regulation, especially in regard to neurogenesis.
Stem cells have been identified in the early postnatal dentate gyrus but not in the adult hippocampus (Seaberg and van der Kooy, 2002) . This posed the question as to the fate of these stem cells as the animals reach adulthood. Do they migrate away from the dentate gyrus or, alternatively, do they persist into adulthood but become quiescent? We showed that, although large numbers of multipotent neurospheres can be generated from the postnatal hippocampus, they are not responsive to additional KCl-induced stimulation. Why these cells are switched off in adulthood is unclear, but one possibility is that this corresponds to a time when growth of the hippocampus is complete (Sun et al. 2004) , and continued neurogenesis is associated with functional replacement rather than new growth. This raises the interesting possibility that this latent population may have the capacity to generate other types of hippocampal neurons, or be more efficient at repairing the damaged hippocampus.
Consistent with recent findings that there is a substantial decrease in neurogenesis in the hippocampus with age (Seki and Arai, 1995; Kuhn et al., 1996) , we find a concomitant decline in the progenitor population. However, even in mice 18 months of age, our results reveal a large population of activatable hippocampal progenitors, which may have the capacity to reverse the observed decline in neurogenesis. Whether these cells are partially responsible for the increase in neurogenesis and improved cognitive abilities that occur after running wheel exercise (van Praag et al., 1999) is not known, but they certainly provide a reservoir for the production of large numbers of neurons in the aging animal. However, from this perspective, it is somewhat salutatory to note that no large neurospheres were cultured from the aged hippocampus even in the presence of KCl, suggesting that the stem cell population may be entirely depleted, somewhat restricting the propensity for ongoing progenitor replacement and neurogenesis. Nevertheless, given that there is only a small number of stem cells (approximately eight) in the young adult hippocampus, perhaps even less given that only one-third of these show convincing self-renewal capacity, it may be that this population is reduced to undetectable but still functionally significant levels. In addition, the finding that status epilepticus leads to a large increase in progenitor but not resident stem cell numbers in vitro indicates that the inability to detect these stem cells in the aged animal may be attributable to a loss of activation mechanisms rather than a loss of the stem cells per se. The identification of an activatable population of precursors provides a potential mechanism by which environmental inputs via synaptic activity may lead to large increases in neurogenesis and an expansion of neuronal numbers in the hippocampus. If this is true, discovering the underlying regulatory mechanism provides a target by which the production of new neurons could be stimulated to replace or repair damaged neurons in neurodegenerative diseases affecting the hippocampus, such as Huntington's disease, stroke, and aged dementia.
